Introduction {#s0005}
============

Huntington's disease (HD) is a progressive autosomal dominant neurodegenerative disorder caused by a CAG repeat expansion in exon-1 of the huntingtin (htt) gene [@bib1]. Disease onset is typically in early adult life with a range from childhood to advanced age. Degeneration occurs primarily in striatum and cerebral cortex [@bib2]. Clinical signs of HD include involuntary movements dominated by chorea, cognitive decline, executive dysfunction and weight loss. CAG expansion size is the main determinant of HD age of onset [@bib3] and is an important modifier of progression [@bib4]. Non-huntingtin genetic variability and environmental factors explain the remaining variability in HD; however, specific genes and environmental factors are poorly defined [@bib5].

Mutant htt protein mediates its neurodegeneration promoting effects though pathways that include transcriptional dysregulation, energetic dysfunction and oxidative stress [@bib6; @bib7; @bib8]. Mutant htt expression in HD brain results in elevated brain regional iron and accumulation within neurons [@bib9; @bib10; @bib11]. Iron is redox active and tight homeostatic regulation is needed to prevent generation of reactive oxygen species [@bib12; @bib13]. Dysregulation of iron homeostasis in HD may therefore contribute to disease progression by promotion of oxidative stress and interfere with diverse redox regulated pathways [@bib14; @bib15]. Iron homeostasis is mediated by the coordinated activity of import, export and transport proteins whose levels are regulated by whole body/brain iron status via iron-sensing proteins [@bib16]. Expression of some of these proteins is altered in mouse HD brain [@bib10]. Further, experimental drugs with iron-binding properties provide some protection in HD mice [@bib10; @bib17] supporting a role of iron in HD onset and/or progression. Despite these findings, the extent to which deregulated iron metabolism contributes to HD progression is unclear.

Iron, being an essential micronutrient, could influence HD through dietary intake level. This possibility is relevant to human HD because iron intake can vary widely in human infants through the use of natural or iron-fortified milk and in adults via diet and supplements. Neonatal mice supplemented with iron have decreased performance in neurobehavioral tests and increased iron content in the basal ganglia as adults [@bib18; @bib19]. Further, neonatal iron supplementation at a level equivalent to that found in iron-fortified milk replacers results in potentiating effects on brain aging and MPTP-induced Parkinsonism in mice [@bib20]. Adult rats fed a two-fold increase in dietary iron had significantly increased iron levels in the striatum and altered brain glutathione consistent with oxidative stress [@bib21]. Despite evidence that elevated iron intake can modify brain functions the relationship between iron nutrition, peripheral and central iron status, and HD progression is unknown.

The purpose of this study was to determine if elevated iron intake promotes HD as measured by markers of oxidative and energetic dysfunction, behavior and anatomic neurodegeneration. Elevated iron nutrition was studied during the neonatal and adult-life stages. The neonatal-life stage is a time of potential vulnerability to environmental effects on brain development that may impact the brain in adulthood [@bib22]. In the adult-life stage there could be direct effects of dietary iron intake on neurodegeneration. We used R6/2 HD mice as they recapitulate the human brain iron phenotype and demonstrate rapid disease progression [@bib10]. Increased iron intake during the neonatal period potentiated HD, as determined by behavioral, oxidative and energetic stress markers and quantitative neuropathology outcomes; effects of iron on neonatal wild-type mice were negligible. Further, there was no effect of adult iron supplementation on disease progression. The findings demonstrate a novel genotype by environment interaction in neonatal HD mice and suggest that iron intake level during the neonatal period may be an environmental modifier of human HD.

Materials and methods {#s0010}
=====================

Mouse maintenance {#s0015}
-----------------

R6/2 HD mice were maintained by backcrossing HD males with B6/CBA F1 females. Tails were cut at approximately 3 weeks of age for genotyping. Mice were weaned at 3.5 weeks. Animals were maintained in a 12-h alternating dark-light cycle. Access to food and water was ad libitum. Each cage had a single mouse igloo® (Bio-Serv) and Sani Chip bedding (Harlan). CAG repeat sizes were monitored. Mice used in the neonatal iron supplementation study had a CAG repeat size in the range 180--185. Mice used in the adult iron supplementation study had a CAG repeat size in the range 150--160. The neonatal study was conducted first; due to expanding CAG repeat size in the colony, the adult study was conducted with a newly established colony. Based on previous studies in R6/2 mice, the target group sizes for behavioral studies were 10--16 animals, and for biochemistry and neuropathology studies 8--10 animals.

Experimental design and iron treatments {#s0020}
---------------------------------------

Female mice only were used in experiments as male mice were kept for breeding. In the neonatal iron supplementation study, mouse pups were administered 120 µg/g/day body weight carbonyl iron or saline via oral gavage from post-natal days 10--17. This dose has been used previously to model the feeding of a human infant with an iron-fortified milk replacer [@bib20]. Pups were weighed daily prior to each gavage. Whole litters of mice were randomly assigned treatments. Upon weaning pups were grouped into cages of mice with the same genotype and treatment. In the adult iron supplementation study female mice were assigned to treatment groups at weaning. The standard food (LabDiet® 5K67) was changed to treatment casein-based diets at 5 weeks of age and mice were maintained on these until sacrificed. Iron specified diet contained 50 ppm (low/control), 150 ppm (medium) and 500 ppm (high) iron supplied as ferric citrate (Harlan). The 150 ppm concentration was chosen as this provides an equivalent level of iron to standard commonly used cereal-based rodent diets; 50 ppm is a low iron level but not sufficient to result in iron deficiency; and, 500 ppm was chosen to model a high-iron diet. The levels of iron supplementation over basal iron intake were chosen based on likely upper levels of iron supplementation in the human population at different life stages. Based on absence of premature mortality we found no evidence that iron dosing in either the neonatal or the adult study resulted in toxicity.

Behavioral analyses {#s0025}
-------------------

*Spontaneous cage wheel running activity* was used as a measure of spontaneous activity as previously described [@bib23]. Mice were placed individually in cages with wireless running wheels (Med Associates, Inc.) for 4 days. Data from days 2--4 was analyzed. Mice were then returned to their home cages. Wheel analyses were conducted at 5 and 10 weeks of age in the neonatal study, and at 4, 9, and 12 weeks of age in the adult study. These time points were chosen in order to establish baseline behavioral performance and to evaluate behavioral deterioration at various stages of disease progression.

*Accelerating rotarod* was used to evaluate for motor endurance. The rod accelerated from 5 to 25 rpm over 15 min. For each time point there was an initial training day in which mice were placed on the rota-rod for 5 min; mice that fell off were replaced on the rotating rod. Data were collected on the subsequent 3 days. Mice were placed on the rota-rod apparatus and were replaced on the apparatus if a fall occurred within the first 30 s of training. If a mouse fell a second time within the first 30 s the time was recorded and the trial ended. Any fall occurring after the initial 30 s of the trial was recorded as the latency to fall. Mice were tested on the rotarod at 5, 8, and 12 weeks of age in the neonatal study; in the adult study mice were tested at 4.5, 8, 10, and 12 weeks of age.

Quantitative neuropathology and huntingtin aggregate analysis {#s0030}
-------------------------------------------------------------

Stereological analyses of neuronal cell body volumes was completed using the Stereo Investigator software (MBF Bioscience, Williston, VT) as described previously [@bib24]. In brief, mice were perfused for 3 min with heparinized 0.9% (w/v) saline then with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 15 min. Brains were post-fixed for 24 h then cryopreserved in 10% glycerol, 2% DMSO and 0.1 M phosphate buffer for 5 days. Brains were sectioned frontally at 40 µm and stored in phosphate buffer. For Cavalieri estimation of striatal volume every 12th section was mounted on a glass slide and stained using the thionin method. Slides were letter-coded for blinding purposes. For nucleator estimation of striatal neuronal cell body volume a section at the level of the anterior commissure only was analyzed. To quantify mutant huntingtin aggregates we stained sections of striatum at the levels of the anterior commissure. Sections were stained while 'floating' using a 1:1000 dilution of anti-huntingtin antibody (MAB5374, Millipore) for 48 h; this was followed by a 24-h incubation in a 1:500 dilution AF488-labeled secondary antibody (Invitrogen). We used fluorescent Nissl Neurotrace® 640/660 (Invitrogen) to detect neuron cell bodies. Z-stacks in dorso-medial and mid-lateral striatum were captured using a Zeiss 710 confocal microscope and 60× oil objective then imported into stereo-investigator. Aggregates were counted using the optical fractionator method with a counting frame size of 25×25 µm^2^ and grid size of 67×67 µm^2^. All neurons and aggregates falling within the counting frame were counted separately. The proportion of neurons with aggregates for the different HD groups was analyzed.

Western blot analysis {#s0035}
---------------------

Mice were anesthetized then transcardially perfused with 0.9% (w/v) saline containing 25 units/mL of heparin. Brains were removed, dissected and frozen at −80 °C. Weighed brain regions were homogenized in 12 volumes of a buffer comprising 20 mM Tris (pH 7.5), 150 mM NaCl, 1% triton-X100 and a protease inhibitor cocktail (Roche). Samples were then centrifuged for 12 min at 16,000*g* then supernatants aliquoted and stored at −80 °C. Twenty micrograms of protein was separated by reducing SDS-PAGE using 4--12% gradient gels then transferred to PVDF. Primary antibody concentrations were: transferrin receptor (Invitrogen; 1:500), amyloid precursor protein (Millipore; 1:1000) and actin (Sigma; 1:2000). HRP labeled secondary antibodies were used at 1:2000 dilution. Film was used for detection.

Oxidative and energetic markers {#s0040}
-------------------------------

Glutathione (GSH) and oxidized glutathione (GSSG) were measured as described previously [@bib25]. Lactate was measured as we have described previously [@bib25; @bib26].

Iron-analysis {#s0045}
-------------

Inductively-coupled-plasma mass spectroscopy (ICP-MS) was used to quantify iron levels in brain and liver. Mice were perfused with saline as described above. Dissected tissue was frozen then weighed prior to ICP-MS analysis as described previously [@bib10; @bib27]. Size-exclusion chromatography ICP-MS (SEC-ICP-MS) was used to quantify the amount of iron associated with the ferritin iron-storage protein fraction in brain. Frontal cortices were obtained as described for Western blot analysis then homogenized in 20 mM TRIS (pH 7.4), 100 mM NaCl and EDTA-free protease inhibitors (Roche) at a ratio of 1:4 (w/v) with polypropylene pestle. The protein concentration within the clarified supernatant was determined by measuring absorbance at 280 nm using a NanoDrop spectrophotometer (Thermo, Fisher Scientific). Metalloproteomic analysis was conducted as previously described [@bib28; @bib29]. In brief, samples were normalized to the same protein concentration then 120 µg was injected on to a Bio-SEC 3 size-exclusion column (4.6×150 mm^2^, 3 µm 150 Å, Agilent). The samples were maintained at 4 °C prior to injection using a Peltier cooler autosampler (Agilent 1200 series). The column was developed using 200 mM NH~4~NO~3~ (trace metal basis, Sigma) (pH 7.8) with 10 µg/L of Cs and Sb as internal standard at a flow rate of 0.4 mL/min and 30 °C. The effluent from the column passed through a variable wavelength detector (280 nm) before being directly plumbed to an Agilent Technologies 7700× ICP-MS fitted with a Mira Mist nebulizer (Burgener research Inc., Ontario). The ICP-MS was operated using helium as a collision gas (3.4 mL/min) to remove polyatomic interferences. The ICP-MS was tuned daily using 1 µg/L Li, Co, Y, Ce and Tl standard. The individual integration time for each element was 0.1 s with a cycle time of 1.8 s. A standard curve for iron (2000--60,000 pg) was developed using ferritin (GE healthcare) dissolved in 0.1 M TRIS, pH 7.5. The concentration of iron in ferritin was determined by standard bulk analysis techniques.

Serum iron and transferrin saturation {#s0050}
-------------------------------------

Blood was collected from heart following anesthesia but prior to saline perfusions. Samples were centrifuged for 10 min at 5000*g* then serum stored at 4 °C. Analyses were completed within 2 weeks. We used an iron/transferrin saturation kit that utilizes the ferrozine method (Pointe Scientific, Inc.) and followed the manufacturer's instructions.

Statistical analyses {#s0055}
--------------------

All data were analyzed using SAS software version 9.2 (Cary, NC). The GLM procedure was used for one-way ANOVA (brain iron, oxidized glutathione, lactate, huntingtin aggregates and cell body volumes). The MIXED procedure was used for repeated-measures analysis (rota-rod endurance and wheel running). Significant differences were determined by pre-planned pair-wise comparisons only if there were significant main effects or interactions in the overall analysis. Results are summarized as mean±SEM (data had normal distribution and variances were homogenous) except for wheel running results which are provided as mean±95% confidence; these data were right-skewed and was analyzed following log transformation.

Results {#s0060}
=======

Neonatal iron supplementation alters behavioral outcomes {#s0065}
--------------------------------------------------------

Impaired motor performance is a consistent outcome in R6/2 HD mice [@bib10; @bib30; @bib31; @bib32]. We measured spontaneous motor activity by placing mice in cages with free access to a running wheel. There were no differences in wheel-running behavior between iron and saline-treated R6/2 and wild-type mice at 5 weeks of age consistent with absence of a toxic effect of the iron dose. However, at 10 weeks of age, corresponding to early advanced disease, neonatal iron-supplemented HD mice had significantly decreased activity compared to saline-treated HD in both light (*p*=0.0010) and dark (*p*=0.0175) phases ([Fig. 1](#f0005){ref-type="fig"}A and B). We also assessed motor endurance on the rota-rod. There was a sharp significant decline in rota-rod endurance in HD mice at 8 and 12 weeks; however, neonatal iron treatment did not affect Rota-rod performance in R6/2 HD mice ([Fig. 1](#f0005){ref-type="fig"}C), suggesting a possible floor effect. Survival analysis was not undertaken.

Neonatal iron treatment increases brain markers of oxidative stress {#s0070}
-------------------------------------------------------------------

We analyzed three brain metabolite markers of redox and energetic state (GSH, GSSG, and lactate) in brain in 12-week-old mice to investigate if behavioral effects of iron supplementation in HD extend to involve established biochemical disease markers. Consistent with our previous report [@bib25], GSSG was not elevated in the brains of control R6/2 HD compared to control wild-type mice at 12 weeks of age ([Fig. 2](#f0010){ref-type="fig"}A and B). However, neonatal iron supplementation resulted in significantly elevated GSSG in HD, but not wild-type mice, in both striatum (*p*=0.0006) and cortex (*p*=0.0002) ([Fig. 2](#f0010){ref-type="fig"}A and B). R6/2 HD mice had significantly elevated striatal and cortical GSH as we have reported previously (data not shown) [@bib25]. However, there was no effect of neonatal iron supplementation on GSH in HD or wild-type mice; therefore the increase of GSSG is not secondary to increased GSH. GSH: total glutathione percent ratios in striatum and cortex were significantly decreased by neonatal iron supplementation in HD mice (HD control=94.52±0.48, HD iron=92.52±0.48, *p=*0.0006; and HD control=96.52±0.48, HD iron=95.19±0.48, *p*=0.0189, respectively) but were not altered by iron treatment in wild-type mice (WT control=92.83±0.48, WT iron=97.77, *p=*0.9145; and WT control=95.60±0.48 WT iron=95.69±0.48, *p*=0.8788, respectively). We also measured brain lactate in the current study to determine if changes in metabolic function are elicited by neonatal iron supplementation. While there was increased lactate in HD compared to wild-type mice, for reasons that are not clear, this was not significant in this study. Despite this, neonatal iron supplementation increased striatal (*p=*0.0036) and cortical (*p*=0.0293) lactate in HD, but not wild-type mice, when compared to respective controls ([Fig. 2](#f0010){ref-type="fig"}C and D).

Early-life iron treatment decreases neuronal volume and huntingtin aggregates in R6/2 mice {#s0075}
------------------------------------------------------------------------------------------

Neuronal cell body atrophy is a regular feature of mouse HD [@bib30; @bib33]; this outcome is a valuable anatomic marker of HD progression in pre-clinical therapeutic studies [@bib24]. To determine if neonatal iron treatment exacerbated neuronal atrophy we quantified, using unbiased stereology, cell body volumes in striatum and layer V of primary motor cortex ([Fig. 3](#f0015){ref-type="fig"}). In striata ([Fig. 3](#f0015){ref-type="fig"}A and B) and motor cortex (C and D) cell body volumes were significantly decreased in HD controls compared to wild-type controls (*p*=0.0323 and 0.0279, respectively). Furthermore, iron supplementation resulted in further significant decreases in cell body volume in HD mice in striatum (*p*=0.0246) and primary motor cortex layer V (*p*=0.0413). There was no effect of iron supplementation in wild-type mice. We estimated striatal neuronal numbers using the optical fractionator stereological tool. While there was a significant decrease in neuronal numbers in HD mice [@bib33] there was no effect of iron supplementation on estimates in wild-type or HD mice (not shown). Also, there was no effect of iron treatment on whole brain weights in HD or wild-type mice (not shown).

Mutant huntingtin protein aggregates are commonly found in mouse and human HD [@bib34]. To investigate the effect of neonatal iron supplementation on huntingtin aggregates we used confocal microscopy and stereology to quantify neuronal cell body aggregates in striatum ([Fig. 4](#f0020){ref-type="fig"}A--C) and cortex (D--F). In striatum, compared to R6/2 HD controls ([Fig. 4](#f0020){ref-type="fig"}A), iron-supplemented R6/2 HD mice (B) had significantly fewer detectable neuronal huntingtin aggregates (*p*=0.0279). In motor cortex layer V, compared to the R6/2 control group ([Fig. 4](#f0020){ref-type="fig"}D), there was decreased neuronal aggregate burden in iron-supplemented R6/2 HD mice (E), but this difference did not reach statistical significance.

Brain iron status is unchanged by neonatal iron supplementation {#s0080}
---------------------------------------------------------------

We next addressed whether the potentiation of HD by iron supplementation ([Figs. 1--4](#f0005 f0010 f0015 f0020){ref-type="fig"}) associated with changes in brain iron status. First, we measured bulk brain regional iron levels. Consistent with previous findings, in striata ([Fig. 5](#f0025){ref-type="fig"}A) and frontal cortex (B), 12-week old R6/2 HD mice had significantly elevated iron compared to wild-type littermates (*p*=0.0012 and \<0.0001). However, there was no effect of iron supplementation in HD mice. In wild-type mice only, iron supplementation did increase cortical iron (*p*=0.0093). Ferritin is an intra-cellular iron buffer and its iron content can increase with iron loading. We used size-exclusion chromatography combined with ICP-MS (SEC-ICP-MS) to quantify the amount of iron associated with the ferritin protein fraction in frontal cortex. We found that R6/2 HD mice had significantly more iron in the ferritin fraction as compared to wild-type mice ([Fig. 5](#f0025){ref-type="fig"}C) (*p*=0.0003); however, there was no effect of iron supplementation. To address the possibility that there may be transient elevated brain iron early in life we measured striatal ([Fig. 5](#f0025){ref-type="fig"}D) and cortical (E) iron in 5-week-old mice following neonatal dosing. There was no effect of iron supplementation on brain iron levels. We also measured brain copper and manganese. Copper and manganese concentrations were increased in HD mice compared to wild-type mice; however, there was no effect of iron supplementation on copper or manganese status (see [Table 1](#t0005){ref-type="table"}). To further investigate whether neonatal iron treatment affected brain iron status in HD mice we quantified the levels of the iron-responsive proteins amyloid precursor protein (APP) and transferrin receptor (TfR). We have previously reported that levels of both APP and TfR are decreased in R6/2 HD brain [@bib10]. APP promotes iron export from cells by stabilizing ferroportin [@bib35; @bib36]. We found decreased APP in striatum ([Fig. 5](#f0025){ref-type="fig"}F) (*p*=0.0288) and cortex (G) (*p*=0.0149) in HD mice compared to wild-type mice. The transferrin receptor was not decreased in striatum of R6/2 HD mice ([Fig. 5](#f0025){ref-type="fig"}H) but was deceased in cortex (I) (*p*\<0.0001). There was no evidence of any effect of neonatal iron supplementation on APP or TfR in wild-type or R6/2 HD mice ([Fig. 5](#f0025){ref-type="fig"}F--I).

Given the absence of evidence to support a direct effect of neonatal iron supplementation on brain iron homeostasis we investigated how supplementation changes the peripheral environment. Specifically, we measured peripheral markers of iron and redox status ([Fig. 6](#f0030){ref-type="fig"}). Serum iron concentrations and transferrin saturation are widely used clinical markers of iron status. Serum iron was unaltered by HD ([Fig. 6](#f0030){ref-type="fig"}A). However, iron supplementation decreased serum iron at 5 weeks (*p*=0.0003) in both HD and wild-type mice. At 13 weeks of age there was no effect of iron supplementation ([Fig. 6](#f0030){ref-type="fig"}A). Transferrin saturation was increased in HD controls as compared to wild-type controls at 5 weeks of age (*p*=0.0386). Further, at this age neonatal iron treatment decreased transferrin saturation in both wild-type and HD mice ([Fig. 6](#f0030){ref-type="fig"}B) (*p*=0.0037 and 0.0206, respectively). However, at 13-weeks transferrin saturation was significantly increased in iron supplemented compared to control HD mice (*p*=0.0263). To understand this effect further we determined liver iron as liver can act as an iron store [@bib16]. In 5-week old animals, iron supplementation increased liver iron levels in both R6/2 HD (*p*\<0.0001) and wild-type littermates (*p*\<0.0001). However, at 13 weeks of age, neonatal iron treatment significantly increased liver iron levels in R6/2 (*p*\<0.0001), but not wild-type mice ([Fig. 6](#f0030){ref-type="fig"}C). Finally, we measured plasma total glutathione levels as a marker of redox state; differences between groups were not evident ([Fig. 6](#f0030){ref-type="fig"}D).

Adult iron treatment does not potentiate HD outcomes in R6/2 mice {#s0085}
-----------------------------------------------------------------

We next investigated whether increased iron intake during adult life can potentiate HD in R6/2 mice. We compared the effects of two or three dietary iron levels in our experiments ([Fig. 7](#f0035){ref-type="fig"}). There was no effect of iron intake level on rota-rod endurance ([Fig. 7](#f0035){ref-type="fig"}A) or spontaneous wheel running activity ([Fig. 7](#f0035){ref-type="fig"}B) in HD mice. However, there was an age-dependent decline in rota-rod endurance in wild-type mice fed medium and high iron diets ([Fig. 7](#f0035){ref-type="fig"}A). Dietary iron level did not alter striatal or cortical oxidized glutathione levels in HD or wild-type 12-week-old mice (data not shown). R6/2 HD mice had elevated striatal and cortical lactate (*p*=0.0002 and \<0.0001, respectively); however, there was no effect of iron intake on brain lactate (data not shown). R6/2 HD mice had decreased striatal neuronal volume (*p*=0.0254) but there was no effect of dietary iron level on this outcome ([Fig. 7](#f0035){ref-type="fig"}C). There was also no effect of iron treatment on neuronal mutant huntingtin aggregates in HD mice ([Fig. 7](#f0035){ref-type="fig"}D). Bulk iron levels were increased in striatum ([Fig. 7](#f0035){ref-type="fig"}E) and cortex (F) in HD mice (*p*\<0.0001 and 0.0020, respectively); however, there was no effect of iron treatment on brain iron. Finally, we determined transferrin saturation as a peripheral marker of iron status. In HD mice, transferrin saturation was decreased with elevated dietary iron intake (*p*=0.0187) ([Fig. 7G](#f0035){ref-type="fig"}).

Discussion {#s0090}
==========

R6/2 HD mice express the exon-1 fragment of polyglutamine-expanded human huntingtin protein (htt) [@bib37]. They develop advanced disease by 12 weeks of age and demonstrate many features found in human HD at the motor function, brain pathology and molecular levels. Therefore, R6/2 HD mice represent a model of rapidly developing HD that is valuable for studying disease modifying interventions. Here we show that neonatal iron supplementation potentiates R6/2 mouse HD as measured by behavioral, neuropathological and biochemical outcomes ([Figs. 1--5](#f0005 f0010 f0015 f0020 f0025){ref-type="fig"}). Effects of iron supplementation were not present in early-adult life (5 weeks) consistent with an absence of iron toxicity, but were manifest with early-advanced HD at 12 weeks of age ([Fig. 1](#f0005){ref-type="fig"}). Importantly, the effects of neonatal iron supplementation did not occur in wild-type litter-mate mice consistent with an interaction between the HD gene and iron intake. Iron supplementation had no effect in adult R6/2 HD mice ([Fig. 7](#f0035){ref-type="fig"}). The findings indicate that in this mouse model of HD the neonatal-life stage is a period of specific vulnerability to the effects of elevated iron intake.

Perinatal iron deficiency is a world-wide nutritional problem that can lead to delayed neurocognitive development [@bib38]. During the neonatal-infant period, iron absorption is inefficient, brain growth is rapid and brain iron uptake is high; while mechanisms to maintain brain iron homeostasis are not fully developed (reviewed in [@bib39]). Human milk replacer formulas typically contain levels of iron greater than that found in human milk, up to forty times more iron is present in some replacers [@bib20]. Despite elevated iron intake from milk replacers, few studies have addressed the effect of elevated neonatal iron intake on brain aging and interactions with neurodegenerative diseases. In our neonatal mouse iron supplementation study, we used a level of iron estimated to provide forty times more iron than the mouse pup would have received naturally from mouse milk as previously reported [@bib20]. Body surface area is an alternative, and perhaps preferable, approach to translate dose across species [@bib40]. Using this method the dose we used in mice translates to less than a forty-fold increase in iron intake in a human infant. Based on brain developmental staging, dosing on days 10--17 is equivalent to an infant receiving iron supplementation from birth through 20 weeks [@bib41]. Therefore, the dose and age of supplementation of iron we used in the neonatal study is relevant to human nutrition. Using this regimen, we found significant deleterious effects of neonatal iron supplementation in R6/2 mice that spanned behavioral ([Fig. 1](#f0005){ref-type="fig"}), biochemical markers of oxidative stress and energetic dysfunction ([Fig. 2](#f0010){ref-type="fig"}), and quantitative pathology ([Fig. 3](#f0015){ref-type="fig"}) domains. We additionally found that iron supplemented HD mice had fewer striatal aggregates ([Fig. 4](#f0020){ref-type="fig"}). While we did not measure soluble mutant htt levels, fewer aggregates are compatible with potentiated HD because neurons with fewer aggregates may have increased soluble mutant htt which is more toxic than aggregated mutant htt [@bib42]. Taken together, the presence of effects of neonatal iron supplementation on multiple outcomes in HD mice suggests that similar effects of neonatal iron supplementation could occur in human HD.

Exacerbations of oxidative stress are common features of neurodegenerative diseases (reviewed in [@bib43]). Glutathione (GSH) is an electron donor required for several enzyme systems including glutathione peroxidases and glutaredoxins. In this process, GSH is oxidized to GSSG (oxidized glutathione), an indicator of oxidative stress. GSSG is increased in a cell line model of HD [@bib44] and also the brains of N171-82Q HD mice [@bib23]. We found that iron supplemented HD mice had significant increases in cortical and striatal GSSG. While HD mice had significantly increased cortical and striatal GSH compared to wild-type mice, this effect was not exacerbated by iron supplementation. Brain lactate is elevated in human HD and is one valuable marker for energetic dysfunction [@bib45]. We have previously found elevated brain lactate in R6/2 HD mice [@bib26]; the current findings show that iron supplementation increases brain lactate levels in HD but not wild-type mice. Taken together, these findings indicate a state of metabolic dysregulation in R6/2 HD mice.

Iron homeostasis requires the regulation of intestinal iron absorption, storage as ferritin, transport in blood and uptake by brain and other organs [@bib16]. We have previously shown altered expression levels of the iron homeostatic proteins, transferrin receptor and amyloid precursor protein, in R6/2 HD brain [@bib10; @bib26]. Amyloid precursor protein promotes iron export from cells by stabilizing surface ferroportin [@bib35; @bib36]; decreased levels in R6/2 HD mice may explain elevated brain iron [@bib10]. While brain and body iron homeostasis is tightly regulated, it is still modifiable by dietary iron intake. For example, early-life iron overload in mice has been shown to have significant effects on neurobehavioral performance [@bib18; @bib19]. Furthermore, neonatal iron supplementation in wild-type mice has been shown to alter brain iron levels in adult animals [@bib18; @bib20; @bib46]. Consistent with these findings, we found increased cortical iron in 12-week-old wild-type mice that were supplemented as neonates ([Fig. 5](#f0025){ref-type="fig"}B). We were surprised however that there was no increase in striatal or cortical iron in neonatally-supplemented HD mice ([Fig. 5](#f0025){ref-type="fig"}A and B). Furthermore, we found no evidence of changes in cortical iron status in HD mice using SEC-ICP-MS to quantify iron levels in the ferritin protein fraction ([Fig. 5](#f0025){ref-type="fig"}C). We additionally undertook Western blot analysis of the iron-responsive amyloid precursor protein and the transferrin receptor as an alternative approach to detect changes in brain iron homeostasis but did not detect effects of iron supplementation ([Fig. 5](#f0025){ref-type="fig"}F--I). Brain iron homeostasis is complex and we cannot rule out the possibility of undetected changes in brain iron including altered distribution within cell compartments. We investigated peripheral iron and redox status as an alternative path to modification of HD ([Fig. 6](#f0030){ref-type="fig"}). Findings reveal that R6/2 HD mice, compared to wild-types, have unaltered serum iron but that there is an early and transient decrease in serum iron at 5 weeks in iron supplemented mice, that is absent at 13 weeks ([Fig. 6](#f0030){ref-type="fig"}A). This appears to be explained by the increase in iron sequestration by liver at this age ([Fig. 6](#f0030){ref-type="fig"}C). Transferrin saturation was decreased at 5 weeks by iron supplementation; however, at 13-weeks iron-supplemented HD mice had elevated transferrin saturation ([Fig. 6](#f0030){ref-type="fig"}B). This later finding is consistent with decreased transferrin, but increased iron-loading of remaining transferrin suggesting dysregulation of peripheral iron regulation in HD. Overall, both wild-type and HD mice show similar short and longer term peripheral responses to iron supplementation. However, differences in these responses in HD mice show that mutant htt affects the systemic response to iron intake level; this different response may be involved in the mechanism of how neonatal iron supplementation potentiates HD and indicates a complex interplay between iron intake, huntingtin and systemic iron metabolism.

Multivitamin--multimineral (MVMM) supplements are used by about a third of the US population [@bib47]. The recommended daily allowance of iron for all adult men and women over 50 is 8 mg [@bib48]. Many generic MVMM tablets contain 18 mg iron, a level only recommended for women 19--50 years of age. There is therefore potential for over-supplementation in part of the population. Based on this, we investigated the effect of elevated iron intake in adult R6/2 HD mice. Even though there was a ten-fold difference between low and high dietary iron intake levels (see [Materials and Methods](#s0010){ref-type="sec"} section) we found no effect of iron intake level in R6/2 HD mice ([Fig. 7](#f0035){ref-type="fig"}). Wild-type mice fed the medium and high iron diets demonstrated some decline in rota-rod endurance ([Fig. 7](#f0035){ref-type="fig"}A); however, there was no other evidence for an effect of iron intake in wild-type mice. Unlike the neonatal iron supplementation study ([Fig. 6](#f0030){ref-type="fig"}B), adult iron supplementation did not elevate cortical iron levels in wild-type mice ([Fig. 7](#f0035){ref-type="fig"}E). However, there was a differential response of blood transferrin saturation between wild-type and HD mice ([Fig. 7](#f0035){ref-type="fig"}G) which is consistent with altered systemic responses to iron-loading in the neonatal study. Together these data suggest that dysregulation of peripheral iron homeostasis also occurs in adult HD mice.

Conclusions {#s0095}
===========

Iron supplementation in neonatal HD mice potentiates the course of HD in R6/2 mice. Increased levels of brain oxidized glutathione and lactate were found in iron supplemented mice consistent with a role of oxidative stress and energetic dysfunction in disease potentiation. HD potentiation occurred in the absence of detectable changes in brain iron status demonstrating that iron's role in HD cannot be simply defined at the level of increased brain regional concentrations. The findings support a role of iron nutrition during early brain development as a modifier of HD. This period of developmental vulnerability to elevated iron intake could also be present in HD gene-positive infants. Prospective clinical investigation of this phenomenon in humans is challenging due to the usual adult age of HD clinical onset; however, retrospective or biomarker studies could allow further investigation of the relationship between neonatal iron intake and HD onset or progression.
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![Neonatal iron supplementation decreases spontaneous wheel activity in R6/2 HD mice but has no effect on rota-rod activity. (A and B) Spontaneous wheel activity in R6/2 and wild-type mice. Neonatal iron supplementation decreases spontaneous wheel activity in HD, but not wild-type mice, at 10 weeks of age in light (A) and dark (B) periods. Mutant huntingtin expression (HD) decreases spontaneous wheel activity at 10 weeks in the dark but not light. Bars represent mean±95% confidence intervals. (C) Rota-rod activity in R6/2 and wild-type mice. No effect of neonatal iron intake on rota-rod endurance. Graph bars: open=wild-type; hatched=HD; white=no supplementation; and gray=iron supplemented. *n*=10 for both studies. Asterisks indicate levels of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001.](gr1){#f0005}

![Neonatal iron supplementation elevates markers of oxidative and energetic dysfunction in R6/2 HD but not wild-type mice. (A and B) Brain oxidized glutathione (GSSG) in neonatal iron supplemented mice. Supplementation increases striatal (A) and cortical (B) GSSG in HD, but not wild-type mice, at 12 weeks of age. GSSG levels are not affected by mutant huntingtin expression in striatum or cortex of 12-week-old R6/2 HD compared to wild-type mice. Asterisks indicate levels of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001, *n*=10. (C and D) Brain lactate in neonatal iron supplemented mice. Iron supplementation increases striatal (C) and cortical (D) lactate in HD, but not wild-type mice, at 12 weeks of age. Graph bars: open=wild-type; hatched=HD; white=no supplementation; and gray=iron supplemented. Asterisks indicate levels of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001, *n=*10.](gr2){#f0010}

![Neonatal iron supplementation results in neuronal cell body atrophy in striatum and motor cortex in R6/2 HD but not wild-type mice. (A--D) Neuronal cell body size in neonatal iron supplemented mice. (A and B) R6/2 HD mice have significantly smaller striatal neuronal cell body size as compared to wild-type mice at 13 weeks of age. Neonatal iron supplementation decreases striatal neuronal cell body volume in R6/2 HD, but not wild-type mice, at 13 weeks of age. (C and D) R6/2 HD mice have significantly smaller neuronal cell body volume in primary motor cortex layer V as compared to wild-type mice at 13 weeks of age. Neonatal iron supplementation decreases neuronal volume in primary motor cortex layer V in HD, but not wild-type, mice. Bar=20 µm. (A and C) Representative images from 40 µm Thionin-stained sections. (B and D) Quantification of cell body size. Arrowheads demonstrate size differences among neurons. Graph bars: open=wild-type; hatched=HD; white=no supplementation; and gray=iron supplemented. Asterisks indicate levels of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001, CB=cell body, *n=*10.](gr3){#f0015}

![Neonatal iron supplementation decreases mutant huntingtin aggregate load in R6/2 HD striata. Mutant aggregate load was quantified by confocal microscopy in striatum (A--C) and primary motor cortex layer 6 (D--F) of R6/2 HD mice at 13 weeks of age. The percentage of HD striatal neuronal cell bodies (red) containing microscopically visible aggregates (green) is significantly decreased in neonatal iron supplemented (B) as compared to control (A) HD mice**.** There is decreased mutant huntingtin aggregate load in motor cortex of neonatal iron supplemented (E) compared to control (D) HD mice, but this difference was not statistically significant. Bar=20 µm. Graph bars: hatched=HD; white=no supplementation; and gray=iron supplemented. Asterisks: ^⁎^ \<0.05, *n*=10.](gr4){#f0020}

![Neonatal iron supplementation does not alter markers of brain iron status in HD mice. (A and B) Brain iron levels at 12 weeks of age. Iron levels are significantly elevated in striatum (A) and cortex (B) of 12-week-old R6/2 HD as compared to wild-type control mice. *n*=10--11. (B) Iron supplementation significantly increases cortical iron in wild-type control mice but not in R6/2 HD mice. (C) Iron levels associated with ferritin protein fraction in cortex at 12 weeks of age. Protein extracts from 12-week-old cortex were resolved by size-exclusion chromatography (SEC) followed by in-line ICP-MS for iron content. Solid line=mean; dotted line=standard error. There is a significantly increased iron content of the ferritin protein fraction in R6/2 HD mice. There is no effect of iron supplementation on ferritin-associated iron. *n*=5. (D and E) Brain iron levels at 5 weeks of age. There is no effect of genotype or iron supplementation on striatal (D) or cortical (E) iron level. *n*=10--11. (F--I) Levels of iron-responsive proteins in HD mouse brain. (F and G) Amyloid precursor protein (APP) levels are significantly decreased in striata (F) and cortices (G) of HD mice. There is no effect of neonatal iron supplementation. (H and I) Transferrin receptor levels are decreased in cortex of HD mice compared to wild-type mice. There is no effect of neonatal iron supplementation in striatum (H) or cortex (I). Graph bars: open=wild-type; hatched=HD; white = no supplementation; and gray=iron supplemented. *n*=7--8, asterisks indicate the level of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001.](gr5){#f0025}

![Neonatal iron supplementation alters peripheral markers of iron status. (A and B) Serum iron status markers in iron-supplemented and control wild-type and HD mice at 5 and 13 weeks of age. *n*=9--10. (A) Serum iron levels are decreased by iron supplementation in wild-type and HD mice at 5 weeks (main effect *p*=0.0003; *a*=0.0571). There is no difference in serum iron in 12-week-old mice. (B) Serum transferrin saturation is increased in HD mice compared to wild-type litter-mate controls at 5 weeks. Iron supplementation decreases transferrin saturation in 5-week wild-type and HD mice. R6/2 HD mice supplemented with iron as neonates have increased transferrin saturation at 13 weeks. (C) Liver iron levels. Iron supplemented HD and wild-type litter-mate mice have elevated liver iron at 5 weeks of age; at 13 weeks liver iron is elevated in HD mice only. *n=*10--11. (D) There is no effect of genotype or iron supplementation on plasma total glutathione (GSH). Graph bars: open=wild-type; hatched=HD; white=no supplementation; and gray=iron supplemented. *n*=10, asterisks indicate the level of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001.](gr6){#f0030}

![Increased iron intake in adult R6/2 mice does not potentiate HD. (A--C) Motor performance testing in wild-type and R6/2 HD mice fed different levels of iron from 5 weeks of age. (A) HD mice perform significantly worse than wild-type litter-mate mice on a rota-rod motor endurance test. At each age graph bars, from left to right, represent iron levels in parts-per-million (ppm): wild-type (WT) 50 (white-hatched), WT 150 (gray-hatched), WT 500 (black), HD 50 (white-hatched), HD 150 (gray-hatched) and HD 500 (black). There is no effect of iron intake level in HD mice. Wild-type mice fed 150 and 500 ppm iron demonstrate age-dependent decline in rota-rod activity. *n*=13--15. (B) HD mice perform worse on a spontaneous wheel running test in the dark periods. There is no effect of iron intake level. At each age graph bars, from left to right, represent: WT 50 (white-hatched), WT 500 (black), HD 50 (white-hatched) and HD 500 (gray). *n*=9--10. (C) Striatal neuronal cell body volume is decreased in R6/2HD mice at 12 weeks of age, compared to wild-type litter mates. There is no effect of iron intake level. *n=*8--10. (D) There is no effect of iron intake level on mutant huntingtin aggregates in HD mice, *n*=7--10. (E and F) Iron concentrations in striatum (E) and frontal cortex (F) at are increased at 12 weeks of age; there is no effect of iron treatment. *n*=10--11. (G) Low iron intake results in increased transferrin saturation at 12 weeks of age in HD but not wild-type mice. *n*=10--12. Graph bars: open=wild-type and hatched=HD; dietary iron levels, white=50 ppm, light gray=150 ppm and dark gray=500 ppm. Asterisks indicate the level of significance: ^⁎^ \<0.05, ^⁎⁎^ \<0.01, ^⁎⁎⁎^ \<0.001.](gr7){#f0035}

###### 

Brain metal concentrations.

                  **Striatum**   **Cortex**                                                                                                                                                                                      
  --------------- -------------- ------------- ------------------------------------------------- ------------------------------------------------ ------------- ------------- -------------------------------------------------- --------------------------------------------------
  **Copper**      2.11 (0.12)    1.94 (0.12)   2.43 (0.12)                                       2.43 (0.12)[⁎](#nstbl1.1){ref-type="table-fn"}   3.49 (0.12)   3.53 (0.12)   3.96 (0.12)[⁎⁎](#nstbl1.2){ref-type="table-fn"}    3.96 (0.12)[Ɨ](#nstbl1.4){ref-type="table-fn"}
  **Manganese**   0.14 (0.01)    0.13 (0.01)   0.16 (0.01)[ƗƗ](#nstbl1.5){ref-type="table-fn"}   0.15 (0.01)                                      0.33 (0.01)   0.32 (0.01)   0.39 (0.01)[⁎⁎⁎](#nstbl1.3){ref-type="table-fn"}   0.41 (0.01)[ƗƗƗ](#nstbl1.6){ref-type="table-fn"}

Values represent concentrations in µg/g wet weight (standard error); WT=wild-type, HD=R6/2.

*p*\<0.01 vs. WT-iron.

*p*\<0.01 vs. WT-saline.

*p*\<0.001 vs. WT-saline.

*p*\<0.05 vs. WT-iron.

*p*\<0.05 vs. WT-iron.

*p*\<0.0001 vs. WT-iron.
